We examined the effects of the Gly-60 to Ala mutation on the interaction of H-Ras with Ras GTPase activating protein (GAP), neurofibromin 1 (NF1), Raf-1, and ral guanine nucleotide dissociation stimulator (ralGDS), factors that interact with GTP-bound form of H-Ras. Previous study has shown that the G60A mutation perturbs GTP-induced conformational changes of H-Ras. We found that the G60A mutation decreases GTPase activity of H-Ras without significantly affecting GTP/ GDP binding. The reduction in GTPase activity is most dramatic in the presence of GAP or NF1. Interestingly, the G60A mutation does not appear to alter the affinity of H-Ras for GAP or NF1. The G60A mutation moderately reduces the binding of H-Ras to Raf-1 Ras binding domain; however, the binding of H-Ras to ralGDS Ras binding domain was more significantly affected by the same mutation. These results indicate that although GAP, NF1, Raf-1, and ralGDS all interact with H-Ras in a GTP-dependent manner and they are able to compete against each other for binding to H-Ras, these factors share overlapping but not identical binding domains on H-Ras. The significance of our findings is discussed in the light of the GTP-induced conformational change model.
Like all other members of the regulatory GTPases, Ras p21 cycles between two states: the active, GTP-bound state and the inactive, GDP-bound state (1, 2) . The cycle is controlled by the balance of guanine nucleotide exchange and GTP hydrolysis, which are in turn regulated by guanine nucleotide exchange factors and factors that possess GAP 1 activity (3). The differences between these two states are characterized by the differences in their ability to exert biological effects and to be recognized by several protein factors, such as GAP/NF1, Raf-1, ralGDS, and others (4 -9) . GTP induces conformational change in Ras (3); it is clear that the difference in the protein structures between the GDP-bound state and the GTP-bound state must account for the difference in Ras activities.
The GTP binding induces conformational change primarily in two regions of H-Ras termed the switch I (residues 30 -38, loop 2, and the effector domain) and the switch II (residues 60 -76, loop 4, and helix 2) domains (10 -12) . Therefore, any Ras activity that is associated with Ras⅐GTP would be likely to involve these two regions. The requirement of the switch I region for the action of Ras is well documented (3) (4) (5) 13) . Numerous mutations in the switch I region have been shown to disrupt the biological and biochemical functions of Ras (3, 4) . On the other hand, although the interaction of H-Ras with exchange factors appears to require the switch II domain (14 -18) , the role of the switch II region for the activity of Ras is still not clear. In fact, studies using deletion mutants as well as Ras-Rap chimeras have concluded that the switch II region is not essential for the biological activity of H-Ras (19, 20) .
In the process of conformational change, residues in the loop 4 undergo significant movements and reorientations to adapt the ␥-phosphate moiety of GTP (21) . The key feature of the loop 4 is a highly conserved glycine residue, which is also a part of the consensus DXXG motif of regulatory GTPase family (22) . Because glycine exhibits a much broader range of and dihedral angles than other amino acids and will allow sharp bend around the residue (23) , it is uniquely suitable for serving as a pivot for conformational change. Although the glycine in the DXXG motif is not conserved in all regulatory GTPases (24, 25) , its importance to the function of regulatory GTPases has been demonstrated in heterotrimeric G protein, EF-Tu, and H-Ras (26 -30) . In H-Ras, the substitution of the glycine residue by alanine (G60A mutation) was found to perturb the GTP-induced conformation change and to abolish the biological activity (29). A preliminary NMR study supports the hypothesis that the region affected by the G60A mutation is the switch II domain, whereas the switch I domain appears to be unaltered. 2 This finding is in accord with the studies of G s␣ and EF-Tu harboring the corresponding mutation (26 -28) and supports the crucial functional role of the switch II region for regulatory GTPases. In this study, we examined the effects of the G60A mutation on the GTPase activity of H-Ras and on the interaction of H-Ras with four factors that interact with H-Ras⅐GTP.
MATERIALS AND METHODS
Mutant and Clone Construction-The c-H-Ras(G60A) mutant was constructed by oligonucleotide site-directed mutagenesis (31) using oligonucleotide CTTCTTGAGCTGCTGTG as the mutagenic primer. The mouse ralGDS-C127 (C-domain 127 residues fragment) was prepared by PCR from the full-length ralGDS clone (32) . The oligonucleotides TTCCTTATCGATGCCTCTCTACAACCAGCA (5Ј primer containing a ClaI site) and CTCTCTCTCGAGACGTCCTTAGAAGATGCC (3Ј primer containing a XhoI site) were used for amplification. The PCR product was digested with ClaI and XhoI and then inserted into the ClaI-XhoI sites of a modified GST fusion vector (29). The maltose binding protein (MBP) fusion ralGDS-C127 clone was prepared similarly to the GST-ralGDS-C127 clone, except that the oligonucleotide TCTCTCGAATTCTCACTGCCTCTCTACAACCAG (containing an EcoRI site) was used as the 5Ј PCR primer. The PCR product was then cleaved with EcoRI and XhoI and cloned into the EcoRI-SalI sites of vector pMALc2 (New England Biolabs, Inc.). For cloning H-Ras gene into the Gal4 DNA binding domain vector, the multiple cloning site of pGBT9 was first modified by inserting an oligonucleotide linker between the EcoRI and SalI sites. This modification abolishes the EcoRI site but creates a ClaI and a NdeI site preceding the SalI site. The introduction of the C186S mutation were performed by PCR using pHR clone (33) as the template and the following oligonucleotides: ACCG-GAATTCAAAATTAAGGAGGATCC and GAGAGAGTCGACCCTCAC-CTGGTGTCAGGACAGCACAGACTTGCAGCTCATGC (containing a SalI site), respectively, as the 5Ј and 3Ј primer. The 5Ј primer includes sequences from the ribosome binding region of the cloning vector pND1 and a BamHI site (33, 34) . The 3Ј PCR primer contains a sequence that is complementary to the last nine codons of the H-Ras gene except that the Cys codon at position 186 was replaced by a Ser codon (underlined). The H-Ras PCR product was digested with ClaI and SalI, and then cloned into the ClaI-SalI sites of the modified vector pGBT9. The Raf-N275 DNA fragment was prepared by PCR using oligonucleotides TCTCTCGAATTCATGGAGCACATACAGGGAGCT (containing an EcoRI site) and TTCCTTCTCGAGTCACATCCTGCTGTCCACAGG-CAG (containing a XhoI site) from the human full-length Raf-1 cDNA clone as described (29). The pGAD-Raf-1 N-terminal 275-residue fragment (Raf-N275) plasmid was then obtained by cloning the PCR fragment into the vector pGAD424 via the EcoRI and the XhoI-SalI sites. Similarly, the pGAD-ralGDS-C127 plasmid was obtained by ligating the pGAD424 vector with the same ralGDS-C127 fragment produced for constructing the MBP fusion ralGDS-C127 clone via the EcoRI and the XhoI-SalI sites.
Protein Purification-Nondenaturing conditions were used throughout for preparing proteins. The intact H-Ras proteins were purified by a combination of ion exchange and gel filtration columns as described (33) . GST fusion proteins were purified using glutathione-Sepharose as described (29). The MBP fusion protein was purified using amylose resin (New England Biolabs, Inc.) by following the manufacturer's instructions.
GTP/GDP Binding and Dissociation-GTP/GDP dissociation constants and the rate of nucleotide release were determined exactly as described (29). The data (averages and standard deviations) were calculated from the results of duplicate experiments each with two samples.
GTPase and NF1 Competition Assays-The time course of GTPase activity was measured by monitoring the release of P i from [␥-32 P]GTP as follows. The reaction mixture (100 l) contained 50 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 50 mM KCl, 50 g/ml BSA, 1 mM dithiothreitol, and 100 nM of labeled H-Ras (specific activity, 1500 Ci/mmol). GTP hydrolysis was initiated by the addition of 4 nM of full-length GAP. The mixtures were incubated at 30°C and at the specified times, 10-l aliquots were withdrawn, and free phosphate was analyzed by the isobutanol-benzene extraction method (35) as described (29). A reaction mixture minus GAP was similarly prepared and used to determine the intrinsic hydrolysis rate. The steady-state kinetic parameters of GAPstimulated GTP hydrolysis were determined in a 50-l volume similarly as described by others (36) except that the progress of the reaction was monitored by the release of P i . The data (eight data points) obtained from 0.1 to 10 M of substrate (c-H-Ras⅐[␥-32 P]GTP; specific activity, 25 Ci/mmol) and 0.5 nM GAP (or 5 nM GST-NF1) were then used to fit the Michaelis-Menton equation to determine k cat and K m . The NF1 concentration-dependent reactions were performed in 100 l of reaction mixture containing 50 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 50 mM KCl, 50 g/ml BSA, 1 mM dithiothreitol, and 62.5 nM c-H-Ras⅐[␥- 32 P]GTP (specific acticity, 450 Ci/mmol). The reactions were started by the addition of GST-NF1 and allowed to proceed for 10 min at 30°C. The NF1 competition assay was similarly performed in a 50-l mixture containing 25 nM c-H-Ras⅐[␥- 32 P]GTP, 6 nM GST-NF1, and varying amounts of competing H-Ras. The reaction was initiated by the addition of labeled c-H-Ras and allowed to proceed for 10 min at 30°C. The reaction was monitored by the release of P i as described above. The data (averages and standard deviations) were calculated from the results of duplicate experiments each with two samples.
Raf-1 and ralGDS Binding Assays-Raf-1 or ralGDS binding was determined by a co-precipitation assay as described (29). The binding reactions were carried out in a 200-l reaction mixture containing a constant amount of H-Ras⅐[␥- 32 P]GTP (62.5 nM; specific activity, 450 Ci/mmol) and 20 -1200 nM Raf-N275 or ralGDS-C127. The binding was allowed to proceed for 30 min at 4°C and followed by an additional 30 min incubation with either glutathione-Sepharose (for precipitating GST-fusion proteins) or amylose-resin (for precipitating MBP-fusion proteins). The bound H-Ras was then separated from the reaction mixture by passing it through a glass fiber filter and quantified by scintillation counting. Dissociation constants were calculated from a Scatchard plot. Similar reactions performed without the addition of GST or MBP fusion protein were used as controls. Raf-1 and ralGDS competition assays were performed in 200-l reaction mixtures containing 62.5 nM H-Ras⅐[␥- Two-hybrid System-Two-hybrid system assays were performed in yeast strain SFY526 (37) supplied by the Matchmaker two-hybrid system kit from Clontech Laboratories. ␤-Galactosidase activity was quantified in a liquid culture assay following the procedure provided by the vender. Briefly, 1.5 ml of yeast cells in log phase (A 600 about 1) were collected by centrifugation, washed, and resuspended in 0.3 ml of Z buffer containing 50 mM sodium phosphate buffer, pH 7.0, 10 mM KCl, and 50 mM MgSO 4 . Yeast cell lysate was prepared by three cycles of freezing in liquid nitrogen and thawing in a 37°C water bath. The measurement of ␤-galactosidase activity was performed in a 1-ml reaction mixture containing Z buffer, 0.1-0.3 ml of yeast lysate, 0.6 mg/ml o-nitrophenylgalactoside, and 40 mM ␤-mercaptoethanol. The reaction was allowed to proceed at 30°C in the dark until the yellow color appeared, and it was terminated by adding 0.4 ml of 1 M Na 2 CO 3 . The optical density of the reaction mixtures were determined at 420 nm after cell debris were removed by centrifugation at 12,000 ϫ g for 10 min. The ␤-galactosidase activity expressed in Miller units was calculated by the following equation: ␤-galactosidase unit ϭ 1000 ϫ [A 420 / reaction time (min) ϫ original cell volume (ml) ϫ cell density (A 600 )] as described (38) . The maximum incubation time for all experiments was 3 h. Under these conditions, the ␤-galactosidase detection limit was about 0.02 unit. The data presented in the tables were obtained from the duplicate experiments performed on three independent yeast transformats (total number of analyses was 6).
RESULTS

The G60A Mutation Perturbs GAP and NF1-stimulated GTP Hydrolysis But Not the Binding of H-Ras to GAP or NF1-
Previously, we showed that the physical interaction of v-H-Ras with GAP was not affected by the G60A mutation (29). However, the effect of the G60A mutation on the GAP-induced GTPase activity of H-Ras was not determined because the mutation was constructed in the v-H-Ras background, which possesses little GTP hydrolysis activity. In order to measure GTPase activity, c-H-Ras harboring the same G60A mutation was constructed.
The biochemical property of c-H-Ras(G60A) was first examined by determining the GDP/GTP dissociation constants (Table I ). The equilibrium binding indicates that the c-HRas(G60A) appears to have slightly lower GDP/GTP binding affinity than c-H-Ras. This result is opposite to our measurements with v-H-Ras(G60A), where we observed a slight increase in GDP/GTP binding over v-H-Ras (29). The intrinsic GDP/GTP release also shows that nucleotide dissociates faster from c-H-Ras(G60A) than from c-H-Ras (Fig. 1) . Nevertheless, considering the intracellular concentrations of GTP/GDP, these differences are small and are unlikely to have physiological significance. Therefore, we conclude that the G60A mutation does not significantly alter the GDP/GTP binding affinity of either c-H-Ras or v-H-Ras. In contrast to GDP/GTP binding, the GTPase activity of c-H-Ras was markedly reduced by the G60A mutation. We observed a 30-fold reduction in k cat for the intrinsic GTPase (Table II) . More strikingly, the GTP hydrolysis stimulated by GAP was largely abolished by the G60A mutation (Fig. 2) . The k cat of GAP-stimulated GTPase of the c-H-Ras is over 4 orders of magnitude greater than that of c-H-Ras(G60A) (Table II) . Nevertheless, c-H-Ras(G60A) still displays a measurable level of GAP-stimulated GTPase activity, which is distinguishable from that of v-H-Ras (Fig. 3) .
Previous study showed that the G s␣ G226A mutant exhibited a reduction in GTPase activity when the Mg ϩ2 concentration in the reaction mixture was lower than 100 nM; however, the reduction was restored by supplying millimolar concentrations of Mg ϩ2 (27) . Thus, we determined the intrinsic and the GAPstimulated GTPase at Mg ϩ2 concentrations ranging from 0.1 to 5 mM. For the G60A mutant, we were unable to detect a significant variation in the rate of GTP hydrolysis due to Mg ϩ2 concentration (data not shown). Routinely, we performed GTP hydrolysis at 2 mM Mg ϩ2 . Although the GAP-stimulated GTPase is drastically reduced, the affinity of H-Ras for GAP appears to be unaffected by the G60A mutation (Table II) . In fact, the apparent K m for the GAP-stimulated GTP hydrolysis reaction suggests that the affinity of H-Ras for GAP may be slightly enhanced, a result similar to that of v-H-Ras(G60A) (29). This observation is not unique for the G60A mutant because a neighboring mutation at position 61 has been shown to enhance GAP binding (36, 39) .
The effect of the G60A mutation on the NF1-stimulated GTPase was also examined. A GST fusion protein containing 367 residues of the NF1 catalytic domain was used in the study (40) . This fusion NF1 fragment was able to promote GTP hydrolysis, but its activity was lower than that of the full-length GAP under the assay condition. The k cat for the NF1-stimulated GTP hydrolysis was estimated to be 10.7 min
Ϫ1
, as compared with 432 min Ϫ1 for the GAP-stimulated reaction (Table  II) . On the other hand, NF1 appears to have higher affinity for H-Ras than GAP as indicated by the K m of the reaction. Similar to the GAP-stimulated reaction, the G60A mutation drastically reduced the NF1-stimulated GTP hydrolysis (Fig. 4) . In fact, we were unable to detect GTP hydrolysis stimulated by NF1 under the assay condition. In order to measure the affinity of the G60A mutant for NF1, an indirect competition assay was performed (29, 41). In this assay, either cold Ras⅐GDP or Ras⅐GTP was used as the competing agent for the activity of NF-1. Fig. 4 shows that both v-H-Ras⅐GTP and v-H-Ras(G60A)⅐ GTP display comparable levels of inhibitory activity against GST-NF1, whereas v-H-Ras⅐GDP and v-H-Ras(G60A)⅐GDP were much less effective. This observation indicates that the G60A mutation does not perturb the binding of H-Ras and NF-1.
The G60A Mutation Moderately Reduces the Interaction of H-Ras with Raf-1-The G60A mutation was found to reduce the amount of H-Ras co-precipitated by GST-Raf-N275 approximately 3-fold at high molar excess of GST-Raf-N275 (29). Here, we show that this moderate Raf-1 binding reduction persisted over a range of Raf-N275 concentrations (Fig. 5) . The dissociation constants were subsequently determined for the v-H-Ras⅐Raf-1 complex (K d ϭ 47 nM) and for v-H-Ras(G60A)⅐ Ra-1 complex (K d ϭ 236 nM) and found to have a 5-fold difference (Table III) . It should be pointed out that the Scatchard plot of H-Ras and GST-Raf-N275 binding shows a biphasic data distribution at high GST-Raf-N275 concentrations (data not 32 P]GTP-labeled H-Ras (specific activity, 1500 Ci/mmol). GTP hydrolysis was initiated by the addition of 4 nM of full-length GAP. A set of reaction without adding GAP was used for measuring the intrinsic rate. The experiments were performed at 30°C, and at the specified times the free phosphate was analyzed by the isobutanol-benzene extraction method as described under "Materials and Methods." E, c-H-Ras intrinsic; q, c-H-Ras ϩ GAP; Ⅺ, c-HRas(G60A) intrinsic; f, c-H-Ras(G60A); Ç, v-H-Ras intrinsic; å, v-HRas ϩ GAP.
shown). This biphasic data distribution was found in all coprecipitation binding assay experiments. The dissociation constant for the weaker and apparently nonspecific interaction was approximately 100-fold greater than that of the specific one. The nature for the weaker interaction is not clear.
The effect of the G60A mutation on H-Ras and Raf-1 interaction was further examined by the two-hybrid system (42) . This assay uses vectors containing the full-length H-Ras fused to the Gal4 DNA-binding domain and Raf-N275 to the Gal4 activation domain. In addition, an intragenic C186S mutation, a mutation that blocked the membrane association of H-Ras (3), was incorporated into the H-Ras gene. This mutation has been shown to enhance the sensitivity (␤-galactosidase activity) of the assay employing H-Ras and Raf-1 (43) . The results of the two-hybrid system expressed in Miller units showed that the G60A mutation reduced the interaction of v-H-Ras and Raf-N275 in vivo by about 3-fold (Table IV) , a result similar to that of the in vitro binding assay (29).
We then examined the effect of the G60A mutation on Raf-1 binding in c-H-Ras background. The in vitro binding assay indicated that c-H-Ras bound more tightly to Raf-N275, and it was comparatively less affected by the G60A mutation than v-H-Ras (Table III) . The dissociation constants were found to be 29 and 64 nM, respectively, for the c-H-Ras⅐Raf-1 and v-HRas(G60A)⅐Raf-1 complexes, a difference of about 2-fold (Table  III) . This observation is in agreement with the result of the two-hybrid system, in which c-H-Ras was also found to interact FIG. 3 . Stimulation of GTP hydrolysis by GST-NF1. NF1-stimulated GTP hydrolysis was performed in a 100-l reaction mixture containing 50 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 50 mM KCl, 50 g/ml BSA, 1 mM dithiothreitol, and 62.5 nM [␥-
32 P]GTP-labeled H-Ras (specific activity 450 Ci/mmol). The reactions were started by the addition of the indicated amounts of GST-NF1 and allowed to proceed for 10 min at 30°C. The release of P i was analyzed similar to the reaction involving GAP. The results were corrected for the intrinsic rate before plotting. q, c-H-Ras; f, c-H-Ras(G60A).
FIG. 4. Inhibition of GST-NF1 activity by v-H-Ras and v-HRas(G60A). The experiments were performed by measuring the GST-NF1-stimulated GTP hydrolysis of c-H-Ras ⅐[␥-
32 P]GTP in the presence of the indicated amounts of competitor H-Ras p21. The experiments were performed similarly as described in the legend to 32 P]GTP (specific activity, 450 Ci/mmol) and indicated amounts of GST-Raf-N275. The binding was allowed to proceed for 30 min at 4°C and followed by an additional 30-min incubation interval with glutathione-Sepharose. The bound H-Ras was then separated from the reaction mixture by passage through glass fiber filter and quantified. The percent bound was calculated by dividing the amounts of radioactivities collected on glass fiber filter by the total amounts of input H-Ras as determined by nitrocellulose binding assay. q, c-H-Ras; f, c-H-Ras(G60A). more strongly with Raf-1 than v-H-Ras and the effect of the G60A mutation on Raf-1 binding reduction was smaller (30% versus 3-fold) ( Table IV) .
TABLE III Dissociation constants for the complexes between GST-Raf-N275 and different H-Ras constructs
The Interaction of H-Ras and ralGDS RBD Is Drastically
Reduced by the G60A Mutation-We examined the effects of the G60A mutation on the interaction of H-Ras with the ral-GDS RBD. The C-terminal 127 residues of mouse ralGDS (ral-GDS-C127) containing the entire RBD was fused to GST and used in the study. The in vitro binding assay demonstrated that this ralGDS fragment was capable of binding to H-Ras with an affinity slightly higher than that of GST-Raf-N275 (Table V) . This finding differs from an earlier report showing that a ralGDS-like gene product, RGL, bound Ras p21 weaker than Raf-1 (6).
Interestingly, in contrast to GAP and Raf-N275 binding, the binding of ralGDS-C127 to H-Ras is drastically reduced by the G60A mutation (Table V) . The reduction is about 30-and 57-fold for c-H-Ras and v-H-Ras, respectively. These levels of reduction were about an order of magnitude greater than that of Raf-N275 binding reduction (Table III) . The interaction of H-Ras and ralGDS-C127 was further examined by the twohybrid system (Table VI) . The experiment was performed similarly to that of H-Ras and Raf-N275 assay, except that the Gal4 activation domain contained the ralGDS-C127 instead of Raf-N275. Table VI shows that the difference in signal output between the wild type and the G60A mutant in vivo paralleled that of in vitro binding. Again, the results show that the G60A mutation more significantly reduces ralGDS-C127 binding than Raf-N275 binding. However, our construct of Gal4 activation domain-ralGDS-C127 fusion vector displayed a relatively low signal when compared with the same vector harboring Raf-N275 fusion. The difference in readout signal is not necessarily reflecting the strength of binding when heterologous vectors are used for the assay because the output signal of the two-hybrid system depends not only on the distance but also on proper juxtaposition of the Gal4 DNA binding and transcription activation domains.
Finally, the effect of the G60A mutation on the interaction between H-Ras and ralGDS-C127 was examined in a competition assay. The experiment was performed by measuring the amounts of v-H-Ras precipitated by GST-Raf-N275 in the presence of increasing concentrations of MBP fusion protein of ralGDS-C127. This MBP-ralGDS-C127 construct contains the same ralGDS-C127 fragment as the GST-ralGDS-C127 fusion and binds H-Ras with an affinity that was about one-third that of the GST-fusion counterpart (Table V) . Similar to GST fusion ralGDS-C127, the G60A mutation also strongly reduced the binding of H-Ras to MBP-ralGDS-C127 (Table V) . Unfortunately, the binding of v-H-Ras(G60A) to MBP-ralGDS-C127 was too low to be measured reliably by the co-precipitation assay (Table V) . Fig. 6 shows that the binding of v-H-Ras to GST-Raf-N275 gradually diminished with increasing concentrations of MBP-ralGDS-C127; this indicates that the binding of Raf-N275 and ralGDS-C127 to H-Ras is mutually exclusive. Nevertheless, under the same condition, MBP-ralGDS-C127 was unable to displace GST-Raf-N275 for binding to v-HRas(G60A). This result further confirms that the binding of v-H-Ras to ralGDS-C127 is significantly impaired by the G60A mutation.
DISCUSSION
The glycine residue of the conserved DXXG motif plays a pivotal role in GTP-induced conformational change. Substitution of this residue by alanine has been shown to disrupt the normal functions of regulatory GTPases (26 -30) . Specifically, the G60A mutation was found to hinder GTP-induced conformational change and to eliminate the biological activity of v-H-Ras. Among the regions that respond to GTP, the switch II domain appears to be the region affected by the G60A mutation. In this study, we examined the effects of the G60A mutation on the GTPase activity and the ability of H-Ras to interact with four cellular factors, GAP, NF1, Raf-1, and ralGDS. All of these factors interact with the GTP-bound form of H-Ras.
The G60A mutation did not significantly alter the GTP/GDP binding affinity of H-Ras. This result was somewhat surprising, considering that the Gly-60 residue has to reorient in order to accept the ␥-phosphate of GTP, and the Gly to Ala substitution should curtail this process (23) . Nevertheless, the G60A mutant is not unique in its position because the corresponding mutants of other regulatory GTPases also exhibit GTP/GDP binding affinity that is not significantly different from those of the wild types (26 -28, 30) .
In contrast to GTP/GDP binding, the GTPase activity of 32 P]GTP ⅐ Ras precipitated, respectively, by either GST-Raf-N-275 or MBP-ralGDS-C127 as described under "Materials and Methods." Dissociation constants were then calculated from Scatchard plot.
28 Ϯ 2.7 c-H-Ras(G60A) ⅐ GST-ralGDS-C127 846 Ϯ 82 v-H-Ras ⅐ MBP-ralGDS-C127 92 Ϯ 9.5 v-H-Ras(G60A) ⅐ MBP-ralGDS-C127 Ն8000
TABLE VI Interaction of H-Ras and ralGDS in two-hybrid system
The ␤-galactosidase activity was analyzed by the liquid culture assay using o-nitrophenylgalactoside as the substrate assay as described under "Materials and Methods." H-Ras was greatly attenuated by the G60A mutation. The reduction in GTP hydrolysis was most dramatic when the rates of GAP-and NF1-stimulated GTP hydrolysis were compared (Table II and Fig. 2-3 ). NF1 had no measurable activity toward the G60A mutant under our assay condition. Although GAP was still able to stimulate GTP hydrolysis on the G60A mutant, the reduction was so great that it was equivalent to a total elimination of GAP activity. These results suggest that proper positioning of the switch II region is required for the GTP hydrolysis, particularly the factor-stimulated GTP hydrolysis. The reduction of GTPase activity by the G60A mutation was in sharp contrast to that of the corresponding mutation in G s␣ or EF-Tu. In G s␣ (G226A), the intrinsic GTPase was unchanged as long as enough Mg ϩ2 was provided to support a stable binding of GTP to the protein (27) . In EF-Tu, the G83A mutation actually enhanced the intrinsic GTPase by about 10-fold (30). These differences in GTPase activities indicate that different members of regulatory GTPase employ different mechanisms for hydrolyzing GTP. Another example of the possible nonconserved mechanism of GTP hydrolysis is that Rad (Ras-related protein associated with diabetes) has similar intrinsic GTPase activity regardless of whether the residue in question is a Gly or a Glu (44) .
Despite the reduction in GAP-and NF1-stimulated GTP hydrolysis, the actual physical interaction between H-Ras and GAP (or NF1) is not affected by the G60A mutation (Table II and Fig. 4) . In fact, the affinity for GAP and NF1 was slightly elevated by the G60A mutation. This situation is not uncommon because many mutations in the loop 4 region are known to heighten the affinity for binding GAP (36, 39) . Furthermore, the interaction of the G60A mutant with GAP and NF1 still displays the GTP-dependent characteristic. This result indicates that not all aspects of GTP-induced conformational change is abolished by the G60A mutation. Because the G60A mutation perturbs only the switch II region, it is also indicates that the binding of H-Ras to GAP or NF1 may not involve switch II region. However, without the involvement of the switch II region, GAP-or NF1-stimulated GTPase cannot proceed. This conclusion is further supported by the findings of another switch II domain mutation Y64W, which binds but has no GAP-stimulated GTPase (45, 46) . Intriguingly, H-Ras harboring a Gly substitution at the same Tyr-64 residue produces a protein that fails to associate NF1 (47) . At present, we do not have an explanation for this discrepancy.
The G60A mutant was found to moderately reduce the interaction of H-Ras and the Raf-N275 fragment (Table III-4) . Similar results were obtained with Raf-1 fragment containing the first 150 residues (data not shown). This result is expected because the interaction between H-Ras and the Raf-1 has been shown to involve the switch I domain of H-Ras and Raf-1 RBD, a fragment containing Raf-1 residues 50 -130 (43, 48 -54) . Similarly, the switch I domain of H-Ras also appears to be essential for binding the ralGDS RBD (6, 7). However, unlike the Raf-1 RBD, the interaction of the ralGDS RBD with H-Ras is severely reduced by the G60A mutation (Table V-6 ). This finding supports the importance of the switch II domain in the interaction with ralGDS RBD. Therefore, it appears that tight binding of H-Ras to the ralGDS RBD requires the cooperation of both switch I and II domains, whereas the interaction of H-Ras with the Raf-1 RBD may need only the switch I domain. These results indicate that although GAP, NF1, Raf-1, and ralGDS all interact with H-Ras⅐GTP and they are able to compete against each other for binding to H-Ras, the binding sites of these factors on H-Ras are not identical. A similar conclusion has also been reached by a recent study using switch II domain mutations at positions 64, 65, and 71 (47) . Because the role of the ralGDS in the Ras signaling pathway has not been established, it is not known whether the reduction in ralGDS binding by the G60A mutation is the basis for its lack of transforming activity associated with the G60A mutant. The ability to differentiate different downstream effector is not a property solely associated with the switch II domains, the switch I domain mutation Glu-37 to Gly substitution is also able to differentiate different downstream effectors, such as Raf-1 and Byr2, a structural homolog to mammalian MEK kinase (55, 56) .
Several lines of evidence suggest that Raf-1 is the cellular effector of Ras p21 (5, 13) . The function of Ras is to recruit Raf-1 to the cell membrane, and such process by itself appears to be sufficient for the activation of Raf-1 and subsequent events (57, 58) . However, the properties of the G60A mutant are not consistent with that view; the G60A mutant is capable of binding Raf-1 to a significant level, but it lacks transforming activity (29). These observations imply that the contribution of H-Ras to the activation of Raf-1 may be more than membrane recruitment. Recently, a second Raf-1 RBD (residues 130 -196), which is capable of independent binding to H-Ras, was identified (59). The binding affinity for the second Raf-1 RBD is weaker than that of the first RBD (residues 50 -128) and can be masked by the first Raf-1 RBD when combined. In contrast to the first Raf-1 RBD, the binding of the second Raf-1 RBD to H-Ras was abolished by the G60A and Y64W mutations (60) . This finding offers an interesting possibility that the activation of Raf-1 by Ras may require at least two distinct steps: an initial interaction between switch I and the first Raf-1 RBD and a subsequent interaction between switch II and the second Raf-1 RBD. The reason for the failure of the G60A mutant to exhibit biological activities may be due to its inability to complete the second step. The situation may be similar to when the G60A mutation uncouples the GAP and NF1 catalytic activity from their binding to H-Ras. Consistent with the two-step hypothesis of Raf-1 activation, we have found that the G60A mutant can sequester and inhibit Raf-1 activity. 3 With its ability to differentiate the switch I and II domains of H-Ras and possibly to block the progress of target activation, the G60A mutant will provide a valuable tool for elucidating the interaction and activation of H-Ras downstream effectors.
